Background: The nicotine metabolite ratio (NMR) is a biomarker that represents individual variation in the speed that nicotine is metabolized. The rate of nicotine metabolism alters smoking behavior (eg, amount) and has been validated for personalizing tobacco dependence medication selection to increase treatment efficacy and reduce treatment side effects in the general population of smokers. Although smoking rates are extremely high among those with HIV, the NMR has not been evaluated in this underserved population.
INTRODUCTION
Tobacco use remains a critical public health problem in the United States. 1 When an individual smokes a cigarette, nicotine is metabolized by hepatic cytochrome P450 2A6 (CYP2A6), 2 and functional polymorphisms in the CYP2A6 gene that affect enzyme activity-and nicotine metabolismhave been identified 3 (https://www.pharmvar.org/). Individuals with reduced or loss of function CYP2A6 variants, genetically slow nicotine metabolizers, smoke fewer cigarettes each day, are less nicotine dependent, and are more likely to quit smoking. [4] [5] [6] The nicotine metabolite ratio (NMR; 3-hydroxycotinine/cotinine) is a widely used phenotype measure of CYP2A6 activity, which incorporates genetic and environmental influences on nicotine metabolism. 7 Higher NMR values are associated with smoking more cigarettes each day, a higher level of nicotine dependence, and higher rates of nicotine withdrawal. 8 More recently, several studies, 9 including a large, prospectively NMRstratified pharmacogenetic smoking cessation clinical trial, 10 showed that the NMR could be used to personalize nicotine dependence treatment and increase treatment efficacy. Using an NMR cut-point of 0.31 to differentiate slow from fast nicotine metabolizers, this landmark study validated a personalized treatment model, whereby slow nicotine metabolizers are treated with the transdermal nicotine patch and fast nicotine metabolizers are treated with varenicline to improve quit rates and reduce medication side effects. 10 Studies have shown that faster nicotine metabolism is associated with greater subjective nicotine reward, 11 increased nicotinic receptor availability, 12 and increased brain activity in response to smoking cues, 13, 14 suggesting mechanisms of this effect. Taken together, the NMR is poised to become an important clinical tool to improve treatment efficacy through personalizing treatment selection, thereby reducing smoking rates and tobacco morbidity.
To date, NMR studies have largely focused on the general population of smokers, and, thus, the generalizability of this literature to important subgroups of smokers remains unclear. Certain subpopulations, such as people living with HIV (PLWH), report smoking rates that are 2-3 times greater than the general population [15] [16] [17] [18] [19] and other clinical populations (eg, major depression 20 ). Moreover, although the advent of modern antiretroviral therapy (ART) has greatly increased life expectancy among PLWH, the high rates of smoking in this population have led to cancer and cardiovascular disease rising to be the main causes of death in this population. [21] [22] [23] A recent study showed that HIV-infected smokers lose more life-years because of tobacco use than they do to their HIV infection. 24 Furthermore, some data indicate that, as CYP2A6 is involved in efavirenz metabolism, variation in CYP2A6 activity is associated with concentrations of this ART, 25 and also that CYP2A6 variation can affect HIV pathogenesis through oxidative stress pathways. 26 Thus, understanding unique aspects of tobacco use, including the potential role of the NMR, among PLWH is critical to developing and testing smoking cessation treatments for this group of smokers.
METHODS

Participants
Data for this study were from a smoking cessation clinical trial for PLWH (NCT01710137), approved by the University of Pennsylvania Institutional Review Board, and conforming to US Federal Policy for the Protection of Human Subjects. The trial began in October 2012 and ended June 2018. Written informed consent was obtained from each participant. Prospective participants were recruited through Penn's health system, media advertisements, and through a community-based HIV clinic. To be eligible, individuals had to be aged older than 18 years, have a confirmed HIV diagnosis and be treated with ART with HIV viral loads ,1000 copies per milliliter and CD4 + counts .200 cells/mm 3 , report daily smoking, Alanine Aminotransferase and Asparate Aminotransferase ,2 times upper limit of normal, and creatinine clearance .50 mL/min. Potential participants were excluded if they reported a lifetime history of psychosis or a suicide attempt, reported a current or planned pregnancy, reported current use of smoking cessation medications, and showed unstable or untreated alcohol/substance abuse. For this study, the 131/179 enrolled participants who provided blood for NMR analyses were included. Providing a blood sample was optional, and not all attempts at collecting the sample were successful, most often due to complications resulting from past drug use. Participants who did not provide a sample were more likely to have acquired HIV through needle use and showed higher levels of anxiety, vs. participants who provided a sample (P's , 0.05).
Measures
Data were collected at eligibility screening. Demographic information (eg, race and sex) was ascertained from self-report. Disease-related characteristics, including current HIV viral load (proportion ,50) and CD4 + count (within the past 6 months), were collected from medical records. Mode of HIV acquisition and current ART and ART adherence (ie, proportion of medications prescribed that were taken over the 2 weeks prior to the assessment) were collected through selfreport. Because efavirenz is a substrate of CYP2A6, we identified those taking efavirenz. 25 Smoking-related data included self-reported smoking (eg, smoking rate, number of previous quit attempts, and years smoked), the Fagerström Test for Cigarette Dependence (FTCD), 27 a breath carbon monoxide (CO) measure, the Minnesota Nicotine Withdrawal Scale, 28 and the brief Questionnaire of Smoking Urges. 29 Current depression and anxiety symptoms 30 and current negative and positive mood 31 were assessed using the Hospital Anxiety and Depression Scale and the Positive and Negative Affect Schedule, respectively. The Hospital Anxiety and Depression Scale has been shown to be a reliable and valid assessment of anxiety and depression symptoms among those with HIV. 32 Plasma samples were examined for nicotine, cotinine, and 3-hydroxycotinine (3-HC), to identify NMR, using liquid chromatography-tandem mass spectrometry. 10 
Data Analysis
Sample characteristics, including plasma nicotine, cotinine, 3-HC, and NMR, were assessed. Pearson r and analysis of variance were used to examine univariate correlates of NMR. Variables associated with NMR (P , 0.10) were included in a multiple linear regression model to control for potential confounding. Analyses were conducted using SPSS (IBM Corporation, Armonk, NY).
RESULTS
Sample Characteristics
A total of 78.6% of the sample were African American, 68.9% were male, and 69.4% reported earning ,$20,000/ year (Table 1) . On average, participants smoked 13.0 cigarettes per day (SD = 7.0), had a breath CO of 14.3 ppm (SD = 9.7), and reported smoking for 30.91 years (SD = 10.7); 88.2% of participants acquired HIV through sexual contact, viral loads were very low (80.2% of the sample ,50), and 99.4% of participants reported taking prescribed ART. Mean nicotine was 11.2 ng/mL (SD = 35.4), mean cotinine was 173.6 ng/mL (SD = 127.5), mean 3-HC was 73.1 ng/mL (SD = 59.3), and mean NMR was 0.47 ng/mL (SD = 0.29).
Correlates of NMR
In univariate analyses, NMR was associated with race, cigarettes per day, nicotine dependence, CO, depression and anxiety, and efavirenz use (P's , 0.10). White participants In the multiple linear regression model (Table 2) 
DISCUSSION
Tobacco use is a serious concern for PLWH, now representing the primary source for life-years lost. 24 Yet, many PLWH continue to smoke, and few studies have examined reasons for high smoking rates or evaluated tobacco cessation interventions in this population. In the general population, the NMR can be used to improve treatment efficacy. 8 This is the first study of the NMR among PLWH.
First, the NMR is higher among these HIV-infected smokers vs. the general population of (eg, 0.47 vs. 0.34-0.39 9, 28 ), suggesting that the proportion of smokers with HIV who are faster metabolizers of nicotine may be greater vs. the general population of smokers. This is consistent with a previous study that showed higher rates of the nicotine metabolite nornicotine but lower levels of nicotine among HIV positive vs. negative smokers 33 ; NMR was not compared. The mean NMR of this sample resembles levels reported among those with opioid dependence. 34 Although the nature of the relationship between NMR and HIV is uncertain, these results suggest that the nicotine patch would have limited therapeutic benefit for most smokers with HIV, which has been reported, 35 and that varenicline would be more beneficial. 8 Second, these results indicate that the relationship between NMR and smoking rate holds among PLWH. Those with a higher NMR reported smoking more cigarettes each day, consistent with studies in the general population. 7 Nicotine dependence was not associated with the NMR in the multivariate model, consistent with a study among those dependent on opioids, 34 and previous study in the general population. 8 The relationship between NMR and nicotine dependence is influenced by the sex and racial composition of the sample and the type of assessment used to determine nicotine dependence. 36 Third, higher NMR was associated, marginally, with higher levels of anxiety, which is consistent with studies with the general population of smokers, which showed that higher NMR was prospectively associated with increased anxiety symptoms when individuals were trying to quit smoking. 9, 37 Thus, among PLWH, addressing anxiety symptoms, using specific behavioral interventions that target anxiety, 38 may be important to improve clinical outcomes.
Finally, consistent with previous studies in the context of HIV, 25 we found a significant relationship between NMR and taking efavirenz. Taking efavirenz was associated with higher NMR, rather than lower NMR as expected for a drug interaction (efavirenz would be predicted to inhibit CYP2A6), which needs to be understood further. This suggests that efavirenz therapy should be considered when addressing tobacco use among PLWH. Furthermore, demonstrating the use of the NMR as a marker for nicotine metabolism among PLWH supports the use of the NMR to examine the influence of nicotine metabolism on HIV pathogenesis through oxidative stress or efavirenz metabolism. 24, 37 However, because cotinine, 3-HC, and the combination of the 2 metabolites were not significantly different depending on efavirenz use, additional research is needed to more fully understand the complex relationship between HIV, efavirenz use, the rate of nicotine metabolism, NMR, and smoking, including whether or not efavirenz use increases NMR and serves as a barrier to cessation in this population.
Study limitations include the small sample and use of cross-sectional data, which limit power and causal inference. Furthermore, the clinical trial inclusion and exclusion criteria may limit generalizability. However, this is the first study to examine the NMR among smokers with HIV. Future studies are needed to directly compare the NMR among smokers with and without HIV to provide more clarity to the unique clinical implications of the NMR for HIV-infected smokers.
The findings show that the proportion of smokers with rapid nicotine metabolism may be relatively high in the HIV population vs. the general population and that this biomarker of nicotine metabolism is associated with smoking rate as seen in the general population and may covary with anxiety symptoms. Furthermore, additional research is needed to more fully clarify the relationship between nicotine metabolism, as measured by the NMR, and efavirenz use to understand the clinical implications of this ART on efforts to promote smoking cessation. This issue may have particular relevance for HIV treatment in sub-Saharan Africa, where efavirenz use is common and smoking rates have been increasing; although use of efavirenz in the United States will remain relatively low, lower expected prices suggest that it will see continued use in the United States. The high NMR, suggesting rapid nicotine metabolism, may contribute to poor therapeutic benefits from transdermal nicotine patch and suggest the need for varenicline use in this population. Overall, these results can help guide continued examination of this biomarker of nicotine metabolism to understand and treat nicotine dependence in this important and underserved population of smokers.
